Purpose We examined the development of osteoarthritis (OA) and post-traumatic bone loss after surgery for tibial plateau fractures (TPF). Methods Patients who had participated in previous follow-up (FU) examinations after TPF and primary reduction and internal fixation were re-evaluated. At the first FU, a median of three years after the accident (short-term FU), the patients underwent functional assessments and standardised X-rays to grade radiological OA and post-traumatic bone loss. At the second FU, a median of 22 years after the accident (long-term FU), 30 patients were available. An identical protocol was applied, and additional investigations [Knee Injury and Osteoarthritis Outcome Score (KOOS) and magnetic resonance imaging (MRI) of the injured knee] were performed. Results When the subjective and objective results at first FU were compared with those of the second FU for the same patients, deterioration of symptoms, signs and radiological OA was noted; however, ten patients had no OA even after the long-term FU. Some patients developed post-traumatic bone loss. In 13 of 31 knees, there was little or no radiological evidence of bone loss at the second FU. Conclusions The short-term FU examination results after TPF have little prognostic value for the individual patient, as good results may deteriorate over the long run; however, there were some knees with no OA at the long-term FU. This is the first report focusing on post-traumatic bone loss after TPF.
Introduction
Tibial plateau fractures (TPF) are associated with the risk of developing pain, limited knee motion, angular deformity, instability and post-traumatic osteoarthritis (OA) of the knee. In 1955, Ender emphasised that the rate of OA increases with time after the accident. [1] Dustman et al. noted a 56 % incidence in radiological OA after a two to five-year follow-up (FU) and a 78 % incidence after ten to 20 years. [2] At final follow-up, evidence of radiological OA was present in 33 of 125 cases (26.4 %) in a series conducted by Manidakis et. al. comparing different treatment options. [3] Using registry data from their institution, Mehin et al. conducted a survival analysis and showed that the number of patients with TPF who needed total knee arthroplasty (TKA) increased with time after injury. [4] These studies compared groups of patients with different lengths of follow-up. The development of OA in individual patients can be ascertained by examining the same patients at two different time points after the accident. So far, however, few reports have re-examined the same patients after several years. Hohl reported the results of 300 patients with an average FU of five years. [5] He re-examined 25 of those patients after a further two years and found that their clinical results remained the same. Lansinger et al. presented the results of 102 tibial condylar fractures with a mean FU of 20 years (patients were part of a study by Rasmussen that had a mean FU length of 7.3 years). [6, 7] The authors found no difference in clinical results of the shorter and longer FU. Rademakers et al. performed examinations at one year and an average of 14 years after operated TPF and concluded that the one year FU adequately predicts long-term results. [8] However, these studies did not address longitudinal changes in radiological OA in individual patients. A longer FU may provide more information about the development of OA after TPF. Nonetheless, studies with FUs greater than ten years are limited (Table 1) .
Low bone mass is a known complication after an injury to a lower extremity. [9] [10] [11] Although the same could be expected for TPF, formal proof is lacking. The aims of this study were to:
(a) Gather information about OA more than ten years after TPF (b) Compare OA grade at two time points in the same patients (c) Investigate the interrelation of conventional X-rays and magnetic resonance imaging (MRI) in knees with healed TPF (d) Compare post-traumatic bone loss following TPF at two time points in the same patients.
Methods
Patients with surgically treated TPF for whom data from a standardised FU examination was available were recruited for the intended re-evaluation. Two studies concerning TPF treated with the same plate design and rehabilitation protocol were conducted in 1985 and 1999 at our institution. [12, 13] The objective of these previous FU examinations was to assess the results of open reduction and internal fixation (ORIF) of TPF. Out of 128 consecutive patients who participated in one of the previous two studies, 46 patients were still alive. All living patients were contacted. Patients with dementia or those unable to participate in the study due to impaired health were excluded. Nineteen men and 11 women entered the study, for a total of 31 TPF. Twenty-five Arbeitsgemeinschaft für Osteosynthesefragen/Association for the Study of Internal Fixation (AO/ASIF) type B and six type C fractures were encountered. From 1971 to 1998, a specially designed plate was used to stabilise displaced B-and C-type TPF (Fig. 1) . The plate was manufactured by Heinrich C. Ulrich Company (Ulm, Germany) until 1999 and has since been replaced by anatomically shaped plates with fixed-angle screws (Fig. 2) .The study was approved by the Ethics Committee of our institution. All patients were contacted in accordance with the Ethics Committee guidelines, and all patients signed informed consent regarding the protocol and purpose of the study. The plate and surgical procedure are described by the developer [14] : The proximal lateral tibia was approached through an inverted L incision. The lateral compartment of the knee joint was opened by submeniscal arthrotomy to visualise the joint surface. After realignment of the fragments and reconstruction of the tibial plateau, the fork-shaped plate was attached so that the prongs supported the shattered tibial plateau. All operations were carried out by the former head of the department and inventor of the plate or by senior surgeons. No patient underwent a meniscectomy. During the postoperative period, all patients were treated consistently with the same protocol. Passive motion was initiated on the first postoperative day; full weight bearing was not allowed for 12 postoperative weeks.
Scores and classifications applied at the first and second FU examinations
At the first two FU examinations (1985 and 1999), [12, 13] the following outcome measures were used: subjective complaints (Table 2) were quantified using a symptom scale (SYS), with a range of 5-20; clinical examinations (Table 3) were summarised using a clinical examination scale (CES), with a range of 5-18.
Higher scale values indicate poorer results. OA of the knee was classified according to a modified Kellgren-Lawrence grading scale [15] , with an additional grade added for endoprosthesis: 1 = no OA; 2 = os teop hyte s; 3 = na rrowin g of join t s pac e; 4=subchondral alterations; 5=total knee endoprosthesis.
The degree of bone rarefaction at the knee was defined using a system similar to Singh's grades of osteoporosis at the hip [16] and Jhamaria's classification of osteoporosis at the calcaneus. [17, 18] Grading was determined by changes in bone structure rather than bone density and were based on previously published definitions [19] : At the second FU examination, we followed the same protocol used in the prior examination to maintain comparability. Additional investigations were also performed. Clinical examination was conducted by the first two authors (GM and EF) using a structured examination protocol. The patients completed the Knee Injury and Osteoarthritis Outcome Score (KOOS). [20, 21] For further analysis, the sum of the five KOOS components was used. On full-length leg X-rays, the mechanical axis deviation (MAD) was measured as the horizontal distance between the intercondylar eminence and a line drawn through the centre of the femoral head and the centre of the ankle joint, with negative values indicating varus malalignment. [22] Standard anteroposterior (AP) and lateral radiographs of the knee were 
Results

Injury and primary care
In this series, there were no open fractures. An emergency operation was performed the day the injury in 16 of 31 knees. For patient data related to age at time of accident, length of hospital stay and time until return to work, see Table 4 .
Comparison of outcomes at three years versus 22 years of FU
We considered the first FU examinations, which had a median of three years, the short-term FU. The second FU, which occurred after a median of 22 years, was considered the long-term FU (Table 4) .
Subjective and objective clinical results
Between short-and long-term FU examinations, four patients received a total knee endoprosthesis. For those patients, SYS and CES do not describe the post-traumatic condition at the long-term FU. The worst possible values for SYS and CES were inserted. This approach was valid, as statistical tests used ranks and not numerical values. With these regulations, SYS ameliorated in six knees and deteriorated in 12. Paired differences, as tested using the Wilcoxon signed-rank test, were significant (P= 0.047). CES was better in five knees and worse in 13 (P= 0.041). For comparability with other studies, patients with endoprosthesis were excluded, and the analysis was repeated. Under this condition, SYS and CES did not deteriorate (P =0.43 and P =0.39, respectively). The process of scoring obscures the fact that the ability to bend the knee and gait characteristics deteriorated (P ≤0.05). Two patients had anterior drawer instabilities of ten millimetres or more at the long-term but not at the short-term FU. Even at the longterm FU, nine patients had the highest possible scores in all SYS subcategories; ten patients had the best scores in all CES subcategories. Radiological outcome
The incidence of radiological OA increased at each FU (Fig. 3) . The Wilcoxon signed-rank test indicated significant differences between OA at the time of accident and the short-term FU (P =0.0021), between short-and long-term FUs (P = 0.00033) and between OA at the time of accident and longterm FU (P =0.000014). At the long-term FU, a radiological assessment of the contralateral knee was performed, and the difference between OA in the affected and unaffected knee was significant (P <0.01). Of the 21 knees that had no OA or osteophytes as the only sign of degeneration (grade 1 or 2) at the short-term FU, ten remained in this subgroup at the longterm FU; 11 showed deterioration. Figure 4 shows the progression of structural bone loss at the knee. The Wilcoxon signed-rank test indicated significant differences between the degree of osteoporosis at the time of injury and at the short-term FU (P <0.01) and between time of injury and long-term FU (P <0.01) but not between short-and long-term FU (P =0.10). The side-to-side difference in the degree of osteoporosis at the long-term FU was also significant (P =0.00091). Osteoporosis of the knee is not an inevitable consequence of TPF, as indicated by the fact that there were 13 knees with no or only slight bone loss (grade 1 and 2) at the long-term FU. Between the time of injury and the shortterm FU, bone structure was classified as worsened in 17 knees and as ameliorated in two. Between short-and longterm FUs, bone loss appeared to increase in nine knees and to improve in five.
At the second FU, we asked patients whether they had had fractures of the lower extremities during the years between TPF and the FU, hypothesising an equal risk of fracture for both legs. Five patients reported having had fractures in the same extremity as the TPF: two of the proximal femur, one of the tibial shaft fracture, one bimalleolar and one calcaneus. On the contralateral extremity, no fracture occurred. This produces a binomial probability of P =0.031. Therefore, the null hypothesis of equal risk of fracture for extremities with and without preceding TPF must be rejected.
Additional investigations at the second FU
Correlations between the five components of the KOOS at long-term FU are illustrated in Fig. 5 . Cronbach's alpha was 0.95, which indicates that the five scales reflect results essentially similar to patients' subjective complaints. Hence, the sum of the five KOOS components represents patient questionnaire results, and an asymptomatic patient may receive a maximum score of 500.
Because SYS is not a validated outcome measure, we compared results with the sum of the KOOS components. Pearson's correlation coefficient was −0.91 (0.95 % CI: −0.96 to −0.81). Therefore, the SYS is a valid surrogate for the KOOS. Median WORMS values increased with radiographically determined OA; however, there was considerable variance (Fig. 6 ). Pearson's correlation coefficient was −0.65 (0.95 CI −0.33 to −0.83)
Four patients with no complaints (KOOS=500) had no OA (low WORMS); three with appreciable complaints (KOOS <250) had OA (higher WORMS). Pearson's correlation coefficient was −0.38 (0.95 CI −0.68 to 0.03). Therefore, there was only a weak association between subjective complaints as measured by KOOS and OA as ascertained by WORMS (Fig. 7) .
Discussion
In the long term, patients experience a worsening of OA after TPF. There is, however, a subset of patients who experience long-term deterioration despite good short-term FU results, whereas other patients' outcomes remain good. Furthermore, some patients develop post-traumatic bone loss after TPF surgery.
The evolution of TPF treatments is described in Hohl, which includes an extensive annotated bibliography of 1,166 entries. [25] The implant used for TPF stabilisation in this study was produced until 1999; while it was being produced, it was a valuable implant. The implant's value was proven with standardised FU examinations in 1985 and 1999. [12, 13] The same patients then underwent a second FU examination focusing on the development of OA and post-traumatic bone loss. The limitation of this two-stage-approach is that the available study population was highly selected and relatively small. The methods used to ascertain OA and post-traumatic bone loss were acceptable in 1985, when the previous FU examinations were performed. They are now obsolete; however, they had to be retained for the purpose of comparison. The advantages of this design are explained below.
To compare results at the two time points for each patient, it is essential to use the same examination procedure. This condition was met by the use of SYS and CES. SYS is a valid measure in the sense that it correlates very well with the KOOS, which is a validated instrument. The items on the CES are very similar to the scoring system used by Moore. [26] Comparing SYS and CES values at the first and second FUs, we found that some knees deteriorated in the long run whereas some remained notably the same or even improved. There were patients with no or minimal complaints, even 13-35 years after their injury. After we excluded patients with total knee endoprostheses, we found no deterioration in the remaining sample, which is misleading. We suppose that this finding may explain why some studies that did not address TKA patients or excluded them from further analysis reported that clinical results remained the same. [5, 6, 8] Half of the patients with no or minimal OA at the first FU in our study showed no deterioration of radiological OA at the second FU.
In this study, approximately three of four of the injured knees demonstrated bone loss at both short-and long-term FU. The failure to regain full bone strength may be explained by the fact that muscle strength is frequently not fully restored after the TPF heals. In a series of 63 patients with TPF, Gaston et al. demonstrated that only nine patients (14 %) had normal quadriceps muscle strength 12 months after the accident, which is indirect evidence of bone loss in the affected extremity. [27] Honkonen et al. verified a similar effect at an average of seven years after TPF. [28] It seems a matter of course that stronger muscles create stronger bones. This concept was substantiated in Rikkonen et al.'s study of 979 women: the torque of knee extension was 545 nm in osteoporotic patients, 623 nm in osteopenic patients and 680 nm in normal patients [29] . Another explanation is that a 12-week period of non-weight bearing produces disuse osteoporosis from which patients do not recover. Newer techniques and the development of new materials should facilitate earlier weight bearing [30, 31] .
Study limitations
We are aware that the study population with a long-term FU is small and does not adequately represent all types of TPF, especially as there were only four bicondylar fractures and no open fractures. A conclusive analysis of the influencing factors requires a much larger sample. Nevertheless, this study allows statements about the existence of certain phenomena missed in studies with a FU of over ten years, and this information can be valuable when informing patients about the expected outcome and when comparing previous results of FU examinations of the same patients.
Conclusion
Half of the patients with no or minimal OA at the first FU showed no deterioration of radiological OA at the second FU. A novel aspect of this study is the finding that FU examinations at an average of three years after injury do not necessarily predict future clinical and radiological results.
